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GIANT RESONANCES IN SINGLE ANII

DOUBLE CHARGE EXCHANGR

S. Mordechai,(”’t) and C. Fred Moore,(t)

(“) ~en-G1lrioll l]y]iwrsit,y of the Nqge~F, lker-Shma S4105 Israel
(t) ~llliversity of Texas at Allstin. Austin, Texas 7S712-1OSI IJSA

Abstract

A long-standing issue in nurlcar physics is w]lclher or not mullipk excitat.iol]s

of the giant-dipole resonance do exist.. Recent studies at I,AM IDIJ using pion-

induced dcmble-charge exrhangc reactions show lhr exist.enm of perviously un-

observed giant rescmanctw in the continuum at high -rxcit.ation energies. 13asd

011 their rnmgics, charactrrisl. ic allgu]ar dis~rillutiolls, and 111Pcross srcti(m nl

which Lhc resonances arc observed, t.l)cy have been identified as two dilrt’relll

typw 0( flc)ul)l(’-collect.ivt’-cxcila(lion” nwd(w of tl]o nur]cus: ( I ) ‘1’11(’ifmvwl.m

gia]lt-di])olo rvsonallcr l~llill 011 1.11[’i~ol)ilric analog sl.ato an[t (2) Illf* is(nvrtor

gialll-dipolr rcsonallrc I)uill. on tllv giant di]](~lr. III II is rcporl. wo will (liscu~s

I.llr gmwral f(}ill.l]rr~ of I]IIIS(’ II(IW rf’w)llanrofi as L])oy ]li~v(’rlllorgl’fl frolll 11~’x

f*xI)rrillwnts ])(~rf(wllw(l rrcrllt.ly :It. I,A Nll)l”,

1 Introduction

‘I’]](*ist]l)ilri( il]liilo~ st.il[(~ (I AS) i~l)(l t lItI is(jv(v’[or giillli-(li]~~)l~’ r(wOIIiIII(X” (( ;111{) l)lil~

ill] ili]l)orlalll ro]f’ ill ])iol] sillglfl. t”ll;lrgf~-f~x(.ll;lIlg[’ rmct iwl + in wllidl ~qialll l{wMlallf”fw

:Irf’ olwrvtwl. ‘1’11(’s(’slll(liw Nll(nv Illai lllf’ is(~l);lric illlillo~ stalf’ ;III(I I II(* gi;ltlt tli!~t)lf’

l’(’Sollilll(”f” ill’(’ I IIC IW{}1110S1I)rolllim’111 ff’illll~(’!i ill 111(’S( ‘.S SI)(’(”lril[l , 2]. ‘1’11(’ S(’1(’(”

Iivity 01”I)i{)llS(’X ill f’s~.ilillg 1,111’I:\!+ ;III(I tll(’ (:1)1{ lI;Ivr II(s(’11(Iis(llswvl ill l)r~’vi(~ll>

w~rlis[:). ,1, ?JJ. ‘I’lIf”SI’ltVolii’ily ill’i Sf’s fl’(1111 Sf’\’(’rill [(’ill 1111’S: ( i ) 111IJi,)tl sill}~lf,(llill’J\fs

(W’llallg(’. Al:. I I illl(l 1111”1”(’1’(11”(’.3’/’ 1, ‘1’1111s, ~’/’ :- () iSOS(’ill ill. Il”illlsiiiolls 111:11

illl’ \“(’1’~’ sll”t)llgl~”rst”ilt’fl ill illl’laslil’ St’illltml’illg 11:11’(’II(J (X)lllll( ’1 ’n; ll”l ill Illf’ Al:. I I

Iill;ll Illlllf’i. ‘I”llis I’(’11111’(.S 111(’ lIiI(’li~r 1)1111Il Iltl{lf ’r llIt’ Ilf’illi\. (:!) ,} I’,1)1’11111;11(”11 Ill’

l\V1.f ’11 I 11(’ 11111’lf”;ll’ Il;lllsil ion (lf’lisil~ CIf 111(’ (:1)]{ illlll I 111’ l;\S ;Itltl I II(1 :.1111”,111’r(,~:i,tll

01”I ltII IIIIII(IIIs lo \\lii~ll [111’il](.t)lllill}: I)iollh ill III(I r(v4~Jll;IllI’I’l’I’ll,liIll;II’f’ Illtl:.1 ,.f,ll,,i



tive. (3) AS = 1 spin-flip transitions are strongly suppressed at forward angles giving

less background under the peak from numerous spin-flip transitions as observed for

example in the (p, n) reactions.
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Figurtq 1: Scllcmalic energy-lmwl dia-

gram of %inglc” and “doul)le” rmmnancm

anlicipatrd in picm Sillglr-rtlargc- rxcllarlgr

( rr+, m(’) and pion d(~ublc-cl]argr-rxcllangr

(m+, m-) reactions, rtwprcllivcly. ‘~lir nunl-

1)(’rs to IIIP riglll. arr III(’ Q V; IIU(WI’(Jr I,hr

At ‘1’. = !95 NleV, pion double chargr

cxchangc is thought to procccd pre-

dominantly by a two step (n+, To)&

(n”, r-) mechanism, and therefore it was

suggcstcd[6] that it should be a ulliqlw

probe for rxciting isott-msor doub]o giant

rmmanccs in nuclei ( i.r. stales arising

from a charge-exchange dipole opcrat or

and isospi’] Iowcring oprrator act illg t.~ic(’

or ill scqu~llcf’ 011 tllc ground -statr W’il\’f ’

fllnct iml). ‘llllP lowrsl mlmgy of I IIrsr is

tlw w(*1Iklmv~l (Ioulh isol)aric al]alog st nt c

lAS{.~lAS (111A!+) wllicli call IN*Iirwwl ill

tl]is (“(;II1(’XI ilS (1](’ siml)l(wt (1[)111)14’rw(~-

IIWKT statr, ‘1’1](s(;l)li hllilt 011 I])(I IAS (w

vi(-(* versa is I I](o sm-olI(l (10111)1(1r(wollalI(x’,

;III(I Ilw C;I)I{ I)llill (NI III(I (; 1)1{ is [.IIc ll]ir(i

(Iolll)l(” r(w~llan(’(’ f’x]w(”lfvl ill l:ioll 1)( ‘S, l:igllrc I SIIOW’S il S(”llf’lllilli(” f“llf”r~~-1(’l’l’l

(liil~l’11111 of illlh]og illl(l (Iil)()](’ Sf,ah’S ol)Sf”r VC(l ill Sill~l(’ (-llill~f’ f’X(”llilll~f’. illlfl []1(1 flllW’

(10111)1(” Ilwollilll(’(’s ol)S(’~Vill)l(” ill I)iol] 1)(:X, ‘l’lIf’ lis14vl Q Villllf’S r(’f(v (() I 11(’ (’ils(’

of 1)(’,s 01) l):’!Xl~ (Iiscl]ssf’(1 l; Ilfsr, 0111~ llIfI l~)wf’sl iso.+l~ill (.( MI IIMNIPIII (d’ III(s III)lIt*r

ll~t~ IX* S~MIa IIIY*S is Ialw]fvl, I lllt,il IYYVIII Iy, II,)IIt~ of I Ilfw’ lli~ll(’r 1111111illl(’ IY’’+lllil:lt”f”s

Ilil\’f’ !) f’f’11 OIM’I’I’(’(1. S(.(”~Iolls 2 ;111(1:1 (jr Illis (’olllllllll lil’illillll r(’t”i(’lv 11)(’ (.xljt’lilll(~lll;ll

rtIs IIIIs ol){ilill(vl ;It l,~lhll}l” slll)l)ortillg III(I i(l(llltili(’;lti(lll 1,1 III(I IIV(I 11111~111 Il~IIIIIlfI

I’f ’s(lll;llll’(’s,



2 The giant-dipole resonance built on the iso-

baric analog state

In a mathematical notation the giant.-dipolc resonances built on the isobaric analog

states GDR@IA5 can be written in terms ~f charge-exchange dipole D- and isospin

lowering operators T_ acting sequentially on the ground-state wave function [7, 8],

The GDR t31AS has a multipolarity of 1. = 1, and therefore, for an even-even targrt
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nuclrus with N -Z ~ 2, t.lm resonancr h~~ a single spin and

parity valur of 1-, l’lw transition gains its strength from

rouplillg through both the IAS and t hc CDR intcrmcdiat c

statrs as illustrated ill Fig. I. Sincr lJIw l~itcr havr almost

the snmr peak cross scctiol~ in S(.lX, thtm fcr con.st.rllct ive

intmfrrcnrc tlw (: Dl1631AS is expcctmd to he almut rour

tillws liirg(~~ tl]i+;ltl)(~I)IAS.

l~igllrr 2 shvs tlfw rmulls 01: thrw (Iilrf’rel]t I argds, ‘:’(”,

‘; Al, iill(l 5:)(!(). ‘1’1](s1]](-:isl]l.(’li](lllts ww (I(MI(* at :111 illci-

[1[’llt ])ioll killdic (sIIrrgv ()! 2!I.5 hlts\’ (l{(*f. [’)]), All tllr(w

s])m”l ra sll(n!’ rf(wrly t 11(’exist Pl)cc of il wi(h’ rCSollilll(m(” lo-

(“ilt (’II :i~ll ill till’ (-olllil)lllll]l r(’giol] ill Al)olltl H,S illl(l I 1,2

hl(’~1 ill}OY(” 111(’grol]t](l Stiltf ’ of 1:10 illl(l 271) Iilla] I;llt’1(’i,

rvs]m”livdy. 011 t.lw ‘If’(”() Iilrg(”t III(’ l(%ollilll(’(” SII()’.VS Ill) ilt

ill)ollt 1(;.,S hl(l\” ill)()\’(’ 111(’I) I/\!+ ill “!)(! II. ‘I’l Iv rfw)lliillcf’s

‘1 “;IH” I( 1’111 Ill(*(l as I 11(’ gi;llll-(lilj(jl(’ 1)11111011 t 11(’ isol)ilri(” ;11];1

IIK sl.iI II’ I}r \’i((* Vf’1’sh ((il)l{..:’f:\S). ‘I’ll{. i(l(’lltili(’illi(~ll is

IMSCVI (JII I lIf IIr f~lwrgicls, \vlli(”ll ;Irf ’ \’(’r)”(’!IIS(’ lo I Ill’ I’lif’lug\”

wllfw’ I II(I K;;III1 flil)oh’h I)llilt 011 11111ist)lmrir’ ;III;I IOK sl;Itfss

K’igllrt’ 2: Q INIIII. sllvf”t r:l I\,r (n 1, II ) I)i,,ll ,1,11111111 ,ll;lr}!,. ,Ix,III;III~,. r,.:lcl I,ItIS :It l“. V!I!I

Nil’\’ 1111 (:, ) ‘“’( ‘ ;11 /)/,,/, IN”, (1, ) l“; /fl ;II /),,,,, 1:)(’, ;III, I (,. ) ‘I!’( ‘,, ;ll /),,,,, 1 III ‘1’111”

:Irrfjws Illtlic:lt!, 11111 Iillt.11 II II,; II II III III’ 1111. ~rt)llllll t.l:I! II, tll I, 1)1/\S, :Itltl 11111~1:1111r,,~[,ll:lll(.!.

[( ;I)I{IIIAS) SIl,,rt vtr(lt;,l lIIIIIS r!l)ri,w,lll ~i;lfi~il,;l I lll{i,~rl:lllll[,,s 111’1111. (111:1 ‘1’111. ,l:ISlIfOll

II IIIY. :Ir,’ 1111* Iillt’tl I,;l,k}l,r,,llll,l UIIII :1 11111}11111111:11 ●ll;II II,, :11111Ill!, wdltl lltIt,I. ;Irt, 1111, lil~ III

flit. ~111.tlr;l llkllI~ ;I 11111. ,+1I; II II. lilllll~ 1,,111,. ~[~\\’1’[ 1’



are expected to appear, on the charact.cristic dipole angular distribution. of the res-

onance, and on the cross sections. Similar observations of the resonance have bwn

confirmed on several other nuclei indicating that this collective mode is a general

feature of all nuclei that have at least one excess ncutron[7, 8].

10-’

10-b

o 10 a 30 40 so N-1

Figure 2 shows chwwly that the width of the

GDR@IAS incrrases sigl.ificantly with mass, For

example, the resonance on ‘% has a width of

3.0 + O.fi MeV, but on 59C0 the resonance has a

width of 7.o + 1.0 MeV (i. e., more than twice as

wide as that on ‘s C). The increasr of thr widlh with

mass is not yet fully undcrstood[!]j This is orw of

tlw puzzles arising from these stuclirs. I“urtlmr dc-

lails 011 these rcsonamm can be found ill Ii(*f. [8],

wlmro sorer systematic fraturm of tl]r (;l)I{(.!IAS

iir(~ out lilwd. ];igurc 3 presents IIw angular dis-

IIril)ut ion (Ixtriiclxvl for this rosonallcv ml ‘):lNI) al

2!)fi hlI’V, ‘1’11(sIllaxillmlll crow wx-tion is ol)srr\’r(j

al. 10° an(l 1.5°. At w-a.ttming angks of ‘,!(I 2.5°

t Iw rfvmlal]c(~ is very WA and call Ilardly Im 01)-

sttrvf’(1,1)111ht. ~loo 1,110l)(l;Ik slIOws {I]) ag;till AIM)\T

Imckgr(mll(l. ‘1’1)[sst)liil all(l (li~sli(’(1 Iill(w in I’ig. d

all’ ,+ililljl(* (“ill (’Ill iilillll S ill tvlli(.11 Srflllrlil ial sillglr

(“llargr rxrllall~(’ till’oll~ll t 11(’ iSfJIJilriC illlilll)~ 10 I II(’

gi;llll (!ilJ(Jl(’ 1’(’s011;111(”(”is (’V;llllill (’(1 \vil 11 t WI) (1

(*IIt tr;lllsitioli ~lrllsilirs ror tllr. IAS[7. !+],

Irf”r

;11)( I

1’”()1’
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Figure 4: Srhonlatic cllergy-level diagram

of analog and dipole states observed in single

and double charge excl]ange, compared with

the El msonancr in tile target from photorlu-

clcar reactions. The listed Q values refer to

1.11(7Case or D(7.X011‘38LU1,

The energy of the T = To– 1 member of

the AT= = –1 GDR is related by sym-

metry energy to the “normal” (T = TO)

~DR in the target nucleus observed for

example in photonuclear reactions, Fig-

ure 4 illustrates (for target nuclei with

T ~ 1) the relation betwam the dipole

energy in inelastic or photonuclear rcac-

ticms and the corresponding sin ~lc- and

double-charge-exchange modes. TahlP

V of Ref. [8] gives a comparison bctwmn

CDR derived from DCX (column 6) and

the corrmponcling mrrgics mrasurm! m

3 !l_’he double isovector giant-dipole resonance

‘1’11(” (10111)1(” giatil (lil)olf” Slillfl (.~11 l)f* wril, tfw[l 3] ill t,f’rltls of il (.ll;lrg(’- (~.y(-llilllg(’

(Iil)t)l(’ ()]wr;lh)r /)+. il(.t. illg twit’r 011 111(”grollll(l~tilh” W’ilVf’ fllllrli~nl, II)+; 1~+) :=.

);~!lf.l ,//1(0,)/+,(/) ]/)+ l)/.l., Wll(’1’(’1/)+) := Y;:, ?’,!/1(0, ) /+1 1[1)is Ill{” llSll ill iso!’tv.torn

(.ll:irg(~-(’x(’ll;lllgf’ (lil~ol(” ol)(’rnt(~r, aII(l Ii ar(. 111(’ 1!s11;11isosljill-r;lisitlg illl(l -l(l\vf’rillg

(11)(’rill.()~S, (.ll;ltlgitl~ a lIr(JlolI illlo ;I 11(’111.v ,1 or vi(x’ l’vrs;l, r(’slm.[ iv(’l~”. .f- is ~i

IJI(JIN’11 Il{jl”lll;llix;llioll I;l(tt)r, 111 I)rill(.il)l(’, [\v(J is~nxv(or (’X(. ilill ions (.al~ (x)llljl(’ I(J

A“l’ (), I , r)). 2, li(l\w’\’l’r, ill 1)( ‘X M%l(’1it)lls A’/; ~. + :! :Illti I111’r(’f(Jr(” II() i~[)~(’;llill” or

is~)i’iw.l~)r (“IJII)lItIIIfIIIlS :IYII iI llf)\Vi’11. illlfl (~111~’ ,.3’/’ ‘J i~of(.ll~ol.” I I.;illsit it)ll,+ all’ ill’1’~’s

sil)l(’. Silllililrl). ;I (olll)lill~: 1)1 Ilvt) / I Illllllil)olivi ~iw (I Iolill illl~lllill” 11111111(’11111111



transfer AL = O, 1, or 2. However, for a two-identical- phonon wave function AT+A L

must be even and therefore only AL = O, 2 are allowed[14]. This will also be the total

J transfer for the double-dipole state in DCX, since AS = Otransitions dominate the

spectra at this energy and forward angles. Thus, for example, for self-conjugate target

nuclei the quantum numbers of the double-dipole resonance given in ~h~ above

3’5r’ 1 I 1 I 11

3.0

0.5

0.0

I OIAS I #“J;
t

10 203040506073

-Q (NleV)

equation are 3* = 0+, 2+; T = 2,

Figure 5 presents the ‘3Nb Q value his-

tograms at 5°, 10°, 20°. In addition to

the DIAS (T = 11/2) at E= = 19.3 hlev’

(Q = -~~.9 hfev)~]ljChj~ ~lCaral,so,

the spectrum contains two wide peaks la-

b+d CDR@IAS (GR1 ) anti GDRQIIfiDR

(GR2) at about 32.5 and 46.6 ~letr at),n-c

the ground statr. The fit shown I,ww

r[)lAs = 0.8 hleV, r(m) = 5.SMcV,and

r(mq = 8.ShlcV. At 20° (;1{1 vanislm

but SIIOWSup (-Icar]y al 100. ‘1’lw pvak la-

twlml GR2 has a (Iil[(wllt al]gular d(qwv-

(1(’11(’(’. Al X)” (;I{2 is alllmst as SI r(mg

as in III(I 5° s])m’t,rlll]l. ‘1’lw I)a(”kgr(nln(]

(lliLSll(,(l lims) is iigailt ii tllir(l-or(lcr pol~,llo-

Illiiil slIal I(..

I:igllr(’ (i l)r(’smlls I.]](sanglllar (list rihlll ion

(’s[ ril(”l (’(1 for [II(’ (;I{ IW;lk 011 4’)(’;I iill(l rol”

I)ot II ( ‘1{1 ;111(1 (;li2 011 !’:’N I). ‘1’11(’ lW’() 1“(’so

IIm IWS, (;1{ I ntl(i (;1{2, lIav(s (lill_m”lll. allglllitr (Iis[.ril.j[ltit)[ls, (;[{ I l)fIdkH arollll{l 10”

;IIIII lI;IS a (lil~ol(” SII;IINI, \vl I(Ir(I;Is I II(* IIigll(’r rm)ll;ll]rv (( :1{2) lIiIs ii (illil(lrlll]ol(” (I is

Iril)llti[)ll III;I[ i,< siltlilnl’ ill SII;I]J(S iIll(l It];lqllilllflt’ Ii) III(I Sillgi(’ ( ill 1 ,’dk (I IIs(sI”\’(111oil

4“( ‘a. ‘1’11(1w]lifi [Ilr\ws ill I;ig. (i or{! sillll~l(’ stvlllf’tltidl. Iwo :~1(’1) (al(llldti~ltls ill \vlti(’11

sill~l(l (’ll;ll.g(’ fIX(’lt;III~(t, llII(~li~lI 111(1~i;ll]l liill[~l(’ rIIs(lll;illI~’ l~t III(I flIIIIIIlf I tiil)~~l~’ is



evaluated. The calculated cross section for the double dipole with J = 2 is found to

Id
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peak near 0° and 22° as would be expected for cou-

pling of two dipoles, each peaking at this energy

around 110. Further details on these calculations

and the normalization procedure to S(lX data can

be i’ound in Ref. [15].

Table III of Ref. [15] summarizes the deducml en-

ergies, widths, and cross sections for the double gi-

ant dipole. Also listed are the calculated cross sec-

tions for thr double-dipole states from seql.mnt ial -

model calculations and energies and widths avail-

abk from the SC.X data for t}w GDR on n,’arlw

nuc]ci from Rd. [4]. In (T+, no) SCX data[4]. the

CDR appears at almlt 25 !tlcV. Its energy and

cross scctiol] arr wry wakly dcpeIIdwIt on A. 1[

wr assurm that lhr smwlId dijwlr has I.lw sanw

mmrgy as t lw first dilmlr tlwll QI-x.~((: Ill{z) =

2 Qscx([; l.)li) & –W hlr\’, ‘1’llis is surprisingly

close to tllc cmorgy at which 1,11(’higher rrsonanrtw

+ 7r- ) rrncliolls. allllollgllarr ohscrwxl in thr (r ,

tlw aljl)roxilllalioll” m’glm.ls II:(1 dr(ld of is(jsl)ill

sl)liflil]g. ‘1’llc (Iiltil ill(li(.fit(~ 11];11 tll(’ wi(llll of

llw ({olll~l(’-(lil’lt~l(”st fitrs is largm t Ilall 1II(JSC 01)

5(’r\ ’(’(1 fol” III(’ f:l)l{ ill S(’.S Ily ii fil(’lor of illlolll

1,5 --+ 2.(). ‘1’llis is ill ~(1~111;IgrfYSIIIfIIIl N’illl

Figllr{~ (3: (;I) Atlglll;lr ,listril)lltil~ll f,)r 1111’I)r;tk lAl~I,lI*Il ((.;I)I{)Z III III(’ tl(,lll)l,’-cll;lrg~’
II)( ‘;l ~.lowll ill l.”i~, 7(1,), ‘1”111*Kf,li,l rllrv!, Is I’rfjlll :1 S1’flllt’111 i;ll lllt~lll’1IJXrl ImIJUI kl]f’rl rn 1111 .

r;llclll;ltiijll for 1111’11111111111~lill(~lt, (J ‘ :: 2+) Klntl’, 11111 rl’ IIfwllhllir!ul ;Ih 1111’lltli)llt’,1 Ill Itl”f

[ 15], ‘1’1,,. rll;lill [1;,s1,,[1 rlirl, for Illlt (1(1111111’IIl[uh (J’ f.)’ ) \l,lll, l\ Sllllw’11 Wlllllllll :111}’

ll:)rltl:~llr;ltl{]il filrlf~r (II) :11111 (r) ‘ll If IS: II IIIS iIS (;I) f’xrt~lll Illr ‘1i\l,(7 1, n ) ;111(! “’’1’ 1(7’, rr )

rr.;lrliollk ‘1 III” WIIIII ;IIIII rlI:IIII ,I:IsIII’11 IIIIIS ;Irl 1111. 1111.(~rltl’”~11r.tl I- II II II II IIS rl)r 1111 ~111111111’

11111(11(’ ;Illll 11!!, (1111(111’ I,llllt [III 1111’ Iw,l,:lri, ;III:II{lU ●l: Ilt’, rt,sllt’,llt,l}



theoretical etimates for the widths of the double-dipole resonances in terms of two-

phonon states[14, 15].

A unique feature of pion DCX r(?acLhS is the simplicity wit]] which one can study

the AT= = +2 DCX mode just by inverting the polarities of all magnets in the pion

channel and the spectrometer. We utilized this feature in a recent, experiment. in

order to further examine the nature of these resonances (Ref. [16]). Figure 7 shows

the sirnp!est case in which the (r+, m-) and the (r-, r+) reactions were measured

%i
16 I I I 1 I 1

‘&(m+, m-)m’i’i

@
12 ‘T. =295 MeVmm

b ‘&=50
+J 0.s

is
0.4 -’

J
0.0

‘-Q (w)

under the same experimental conditions on a

self-conjugate nucleus. Since the target nu-

cleus has N = Z the final nuclei reached

in the two reactions are mirror nuclei, and

therefore one wuuld expect the double dipoles

to appear at relatively the same excitation

energy

ground

pear at

in (r+,

with respect to the individual final

state. However, they should ap-

significantly different Q values, sine-c

7T- ) WP add two (70ulor]lh disl)lacc-



identification of the double giant-dipole state. The double dipoles in both DCX modes

exhibit the same characteristic angular distribution. The cross section in the (T–, z+)

reactiori is found to be about 20% larger than in the (~+, m- ) reaction. This r~ult

is consistent with the SCX data to the “single” GDR[4] as well as with simple thtm-

ret,ical predictions. Consistent results have also been obtained on non-self-conjugate

nuclei[16, 17]. In this case the analysis is more complicated; however, valuable infor-

mation on the isospiu structure of the double giant dipole can be deduced from the

data.
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